Vibrational branching ratios and photoelectron asymmetry parameters for alternative vibrational modes in the photoionization of N 2 0 ( 7 u-1 ) have been studied using accurate photoelectron continuum orbitals. Earlier dispersed ionic fluorescence measurements [E. D. Poliakoff, M. H. Ho, M.G. White, and G. E. Leroi, Chern. Phys. Lett. 130, 91 ( 1986)] revealed strong non-Franck-Condon vibrational ion distributions for both the symmetric and antisymmetric stretching modes at low photoelectron energies. Our results establish that these features arise from a u shape resonance which, based on its dependence on internuclear geometry, must be associated with the molecular framework as a whole and not with either of its fragments, N-N or N-0. This behavior accounts for the more pronounced deviations of the vibrational branching ratios from Franck-Condon values observed in the symmetric than in the antisymmetric mode. The u continuum also supports a second shape resonance at higher energy which does not influence the vibrational branching ratios but is quite evident in the photoelectron asymmetry parameters around a photon energy of 40 eV. These vibrationally resolved studies of the photoelectron spectra of this polyatomic system provide an interesting example of the rich shape resonant behavior that can be expected to arise in polyatomic molecules with their alternative vibrational modes.
I. INTRODUCTION
Shape resonant features have been studied in the photoionization spectra of a wide range of molecules.
1 One of the more significant dynamical features arising in molecular photoionization cross sections from such resonances is the non-Franck-Condon behavior seen in the vibrationally resolved photoelectron spectra where the ionic vibrational distribution is no longer given simply by Franck-Condon factors and photoelectron angular distributions depend on the vibrational level. This breakdown of the Franck-Condon principle, first identified by Dehmer et a/. 2 in the N 2 spectra and subsequently studied both experimentally and theoretically by others, J-s is due to the strong dependence of the position and lifetime of the resonance on internuclear separation and is obviously an important probe of photoelectron dynamics. Much of our physical understanding of the role of shape resonances in vibrationally resolved photoelectron spectra is based on the simple picture of their behavior in diatomics, 2 i.e., shifts to higher energies with shorter bond distances. With their alternative vibrational modes and the possibility of shape resonances associated with specific bonds in the molecule, as well as intramolecular interaction among such resonances, 6 shape resonant behavior in polyatomics can be expected to be potentially richer than in the simpler diatomic molecules. Vibrationally resolved studies are required to probe the behavior of shape resonances with alternative internuclear configurations.
Recently, Poliakoff eta!., 7 using dispersed ionic fluorescence-a technique which shows considerable promise for "'Contribution No. 7858. studies of vibrationally resolved photoelectron spectra of polyatomic molecules-have measured branching ratios for the ( 1,0,0) and (0,0, 1) vibrational levels, the symmetric and antisymmetric stretching modes,respectively, of the A 2 .I.+(7u-1 ) state of N 2 0+ for photoelectron energies ranging from about 0.5 to 5 eV. These branching ratios were seen to be dependent on excitation energy, implying a breakdown of the Franck -Condon approximation. More recent ion fluorescence studies and photoelectron measurements of Kelly eta/.
8 and Ferrett eta/., 9 respectively, at higher energy also show significant non-Franck-Condon branching ratios for these vibrational levels, particularly in the symmetric stretching mode. Earlier vibrationally unresolved studies 10 of the 7uphotoionization ofN 2 0 identified two shape resonances in the u ionization continuum, a low-energy pronounced resonance centered around 20 eV-the 7u ionization potential is about 16.4 eV-responsible for the non-Franck-Condon vibrational branching ratios seen by Poliakoff eta/., 7 and a higher energy one around 38 e V which is essentially not evident in either the vibrationally resolved or unresolved cross sections but leads to a broad minimum in the photoelectron asymmetry parameters.
In this paper we present the results of vibrationally resolved studies of the cross sections and photoelectron asymmetry parameters for photoionization of the 7 u level in N 2 0 in the region of these two shape resonances. An important objective of these studies is to obtain some insight into the behavior of shape resonances for alternative internuclear configurations in a polyatomic molecule and hence their influence on specific vibrational branching ratios. For example, in a molecule such as N 2 0 do the shape resonances seen around 20 and 38 eV "belong" primarily to specific regions of the molecule, i.e., N-N or N-0 bonds, or would their behavior at different internuclear configurations suggest that they belong to the molecule as a whole? The answer to this question would obviously determine the influences these resonances can be expected to have on the branching ratios for symmetric and antisymmetric stretching modes. What we do find, perhaps in contrast to the more intuitive notion that these resonances in N 2 0, particularly the low-energy one, should be associated with the localized N-N or N-0 region of the molecule, is that they behave as though they belong to the molecule as a whole. As a result we expect that the shape resonance at 20 eV would more strongly influence the vibrational branching ratios for the symmetric stretch than for the antisymmetric stretch. In fact, although our calculated vibrational branching ratios show non-FranckCondon behavior for both vibrational modes, the deviations are much more pronounced in the symmetric mode, in agreement with what is seen experimentally. 7 -9 An outline of the remaining sections of this paper is as follows. In Sec. II we briefly discuss the method we use to obtain the molecular photoelectron orbitals needed to determine the photoionization cross sections. In this section we also discuss the vibrational wave functions used. In Sec. III we present the results affixed-nuclei calculations at 16 internuclear geometries. In Sec. IV our vibrationally resolved cross sections are discussed and compared with available experimental data.
II. METHOD AND CALCULATIONS
In these studies of the photoionization cross sections we use a Hartree-Fock wave function for the initial state. For the final state we use a frozen-core model in which the bound orbitals are assumed identical to those in the initial state Hartree-Fock wave function and the photoelectron wave function is determined in the field of these (N-1) unrelaxed core orbitals. The static-exchange photoelectron continuum orbital then satisfies the one-electron Schrodinger equation,
where V N _ 1 ( r ,R ) is the nonlocal, nonspherical ion core potential, k 2 /2 is the photoelectron kinetic energy, R denotes the internuclear geometry and r/Jk satisfies the appropriate boundary conditions. If rpk is expanded in spherical harmonics defined about k, i.e., (2) the functions <pkim (r,R) satisfy the same Schrodinger equation as r/Jk itself. We will discuss our procedure for solving Eq. ( 1) for these functions (/)kim later. With these functions (/)kim we define the length and velocity forms of the photoelectron matrix element as
where rp 7 u is the occupied 7 u level ofN 2 0 and E is the photon energy. The vibrationally resolved photoionization cross section u ( v,v') can then be written as (6) where 0 is the angle between the polarization vector of the light and the photoelectron momentum k.
To obtain the photoelectron continuum orbital <p kim ( r ,R), <p kim is further expanded in spherical harmonics,
Yi. m ( r).
The resulting coupled equations are solved using an adaption of the Schwinger variational principle for longrange potentials in which the direct component Vdir of the molecular ion potential VN-1 is treated exactly by numerical integration and the exchange interaction vex is approximated by a separable form of the potential ofthe Schwinger type, i.e.,
where a; are discrete basis functions. The approach yields variationally stable photoionization cross sections and includes an iterative procedure for obtaining the converged scattering solutions, <pktm. 11 We have shown that the method can provide good approximations to the photoelectron orbitals even with modest expansions in Eq. (7)Y For the expansion in Eq. ( 7) in these studies we used the basis shown in Table I At theN-Nand N-0 equilibrium bond distances of2.1273 and 2.2418 a.u., respectively, this basis gives an SCF energy of -183.756 68 a.u. Table I .
The form of the kinetic energy operator is given by Wilson et a/. 15 The vibrational wave functions were expanded in a basis of the form <ll!i = r/J; (RN-N )r/Jj (RN..o) with the bond displacement functions r/J; chosen as harmonic oscillator functions. Diagonalization of the vibrational Hamiltonian in such a product basis containing the first five harmonic oscillator functions gave converged solutions. The resulting Franck-Condon factors were (000,000) = 0.583, (000,100)=0.198, and (000,001)=0.099. These vibrational wave functions for this polyatomic molecule obtained using harmonic potentials can certainly be expected to be of lower quality than for other ions for which more refined potentials are available. Measurements of the vibrational branching ratios at high photoelectron energies would be 9~1~4~5~7-a-.-u.----~R~(N---N~)---2.-0-5-a-.-u.------~R~(-N---N)---2-.2-0--a-.u-.------~R-(N---N-)---2-.3-5-a-.-u-.--- The real and imaginary parts of the photoelectron matrix elements at these internuclear distances were fitted to a bicubic spline which was then interpolated to obtain values needed in the Simpson's rule quadrature ofEq. ( 5). As a check on this procedure the interpolated values of / 1 mp for 18 e Vat the equilibrium geometry of RN-N = 2.1273 a.u. and RN-O = 2.2418 a.u. were found to be within 5% of the values explicitly calculated at this geometry. Figure 1 shows our calculated photoionization cross sections for the 1u level of N 2 0 at 16 internuclear geometries. The most significant feature of these cross sections is the behavior of the pronounced shape resonance with internuclear goemetry. This resonance moves to lower or higher energies with an increase or decrease respectively in either theN-Nor N-Q bond distance. As can be seen from the appropriate frames of Fig. 1 , the position of the resonance depends primarily on the overall length of the molecule and not on the individual N-N and N-Q bond distances. It is interesting, however, to compare the position of the u shape resonance in the 7uphotoionization ofN 2 0 with the ushape
Ill. FIXED-NUCLEI RESULTS

Photon Energy teV) Photon Energy teV) Photon Energy teV) Photon Energy teV)
FIG. 3. Photoelectron asymmetry parameters at several internuclear configurations for the 7 u-1 photoionization ofN 2 0: -, present results (dipole length), ---,present results (dipole velocity). Each frame corresponds to the geometry described in Fig. 1. resonance in the photoionization cross section of the 5u level of NO seen at a photoelectron energy of about 7-8 eV.
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The simple model of the shifts in resonance positions with internuclear separation in diatomics 2 would suggest that this u shape resonance in NO with an Re of 2.173 a.u. would move down to a photoelectron energy of 3-4 e V for the N-0 separation of 2.2418 a.u. in N 2 0. 16 Although this relationship is suggestive, the results of Fig. 1 show that this u shape resonance in N 2 0 does not behave as though it is localized in the NO bond. In fact, a plot of these resonance positions versus total bond length of the molecule I sl\ows that the photoelectron energy on resonance varies as 1// 2 , consistent with the naive model of the behavior expected in such a resonance. Finally, the slight enhancement in the cross sections around 35 eV at some internuclear geometries is not shape resonant but arises from the usual energy dependence of the 1u-+k1T' contribution. This feature becomes much less evident as the width of the resonance increases. Figure 2 shows the eigenphase sum for the ku continuum of the N 2 0(7u-1 ) ion at the same internuclear geometries as in Fig. 1 . Their behavior shows that there are two shape resonances in this continuum. The low-energy resonance associated with the rise in the eigenphase sum around 20 e Vat the equilibrium geometry is seen prominently in the cross sections of Fig. 1 . However, the higher shape resonance around 40 e V in the eigenphase sum is completely obscured in the fixed-nuclei cross sections of Fig. 1 . We will see shortly that the effect of this resonance is also not evident in the vibrationally resolved cross sections but leads to a broad dip in the photoelectron asymmetry parameters. The behavior of these eigenphase sums with N-N and N-0 distances also shows that these resonances cannot be viewed as predominantly associated with either of these two regions of the molecule.
In Fig. 3 we show the fixed-nuclei photoelectron asymmetry parameters for 7a photoionization at 16 internuclear geometries. The pronounced minimum in these asymmetry parameters at low photoelectron energies is clearly associated with the shape resonance seen in both the cross sections and eigenphase sums of Figs 1 and 2 , respectively. These asymmetry parameters also show a broad minimum at higher energy which can be identified as arising from the shape resonance seen at the same energy in the eigenphase sums of Fig. 2 . This broad shape resonance produces essentially no enhancement in the fixed-nuclei cross sections. 8 derived from ionic fluorescence data (this issue) and normalized to our calculated ( 000) cross section at 40 e V. Although the physically significant features of these calculated cross sections agree reasonably well with measured relative cross sections, the calculated peak resonance positions are consistently about two eVs too high. We attribute this to inadequacies in our vibrational wave functions, particularly for N 2 0+, for which harmonic potentials were assumed since more refined potentials were not available. In fact, our calculated vibrationally unresolved cross sections show a resonance peak very close in energy to the measured peak position. 10 Comparison of the calculated ( 000), ( 100), and ( 001 ) cross sections, shifted down by 2 e V so as to bring the peak position of the calculated (000) cross section into agreement with the measured values, with the experimental data in Figs. 5(a)-5(c) also suggests that the potentials assumed here are not too reliable. This example serves to underscore a serious difficulty that will arise in the analysis of vibrationally resolved photoelectron spectra of polyatomic molecules. In Figs. 6(a)-6(b) we show our calculated (100)/ (000) and (001 )/(000) branching ratios for 7a photoionization of N 2 0 along with the ionic fluorescence and photoelectron data of Kelly eta/.
IV. VIBRATIONALLY RESOLVED RESULTS
Figures 4(a)
8 and Perrett et a/., 9 respectively. The most significant feature in the ( 100)/(000) branching ratio is its strong energy dependence (non-Franck -Condon behavior) around a photon energy of about 20 eV which arises from the ka shape resonance seen in the results of Fig.  1 . The dip in this calculated branching ratio occurs at higher energy than the one seen experimentally. This discrepancy is probably again due to our use of approximate potentials in obtaining the vibrational wave functions for N 2 0+ .
14 In fact, our calculated (100)/(000) branching ratio approaches a Franck-Condon limit significantly different from the experimental value. This discrepancy is another reflection of the limited quality of the available N 2 0+ potential energy curves. The non-Franck-Condon behavior also extends to higher energy-almost to 40 eV-in the measured than in the calculated branching ratios. It is also interesting to speculate whether the behavior seen in the measured branching ratio between 35 and 40 eV arises from the weak a shape resonance seen at these energies in the eigenphase sums of Fig. 2 . Our calculations do show non-FranckCondon behavior in the branching ratios arising from the ka channel in this energy range, but it is washed out by the large nonresonant k1r channel.
The ( 001) I ( 000) branching ratio also shows nonFranck-Condon behavior around 20 eV which, however, is much less pronounced than in the ( 100)/(000) branching ratio and also approaches the Franck-Condon value above about 28 eV. The reason for the significantly larger deviations from the Franck-Condon behavior for the symmetric than for the antisymmetric modes can be readily seen from the fixed-nuclei cross sections shown in Fig. 1 . These results show that the a shape resonance moves to lower or higher energies with an increase or decrease respectively in either theN-Nor N-0 bond distance. The resonance hence behaves as though it belongs to the entire molecule and its position and width depend to a great extent on the overall length of the molecule. In the antisymmetric mode, ( 001 ) , the total bond length of the molecule does not change much and hence the influence of the resonance on its vibrational branching ratio is less pronounced than for the symmetric 
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2,----------------------, stretching mode, ( 100), where vibrational motion involves changes in the total bond length. These results provide an interesting example of how shape resonances can distinctly influence alternative vibrational modes in polyatomics.
Our calculated photoelectron asymmetry parameters for the (000), (100), and (001) The calculated asymmetry parameters show clear evidence of the low-energy shape resonance around 20 eV, in general agreement with the experimental data. These calculated asymmetry parameters also show a broad minimum around 40 eV which arises from the higher shape resonance seen in the eigenphase sums and asymmetry parameters of Figs. 2 and 3, respectively. No experimental data is available in this energy range. As in the vibrationally resolved cross sections of Figs. 4(a)-4(c), the strong dip in the asymmetry parameters also occurs at a slightly higher energy than in the experimental data. This difference again is probably due to our use of harmonic potentials in obtaining the vibrational wave functions. Purely for suggestive reasons we compare these vibrationally resolved photoelectron angular distributions, shifted to lower energy by 2 e V [the same as was done for the resonance peaks in Figs 
V. CONCLUDING REMARKS
We have studied the vibrationally resolved cross sections and photoelectron asymmetry parameters for photoionization leading to the ( 000), ( 100), and ( 001 ) levels of theA
